The optimal design of multilayer combinations of nonwoven fiberwebs is of prime importance in their applications as noise control elements. Such combinations can be simulated as a single layer with variable characteristics along the propagation of the sound wave. The paper examines the effect of variation of porosity on the sound absorption coefficients of three webs made of cotton, acrylic fibers and polyester.
Introduction
Multilayer combinations of woven and nonwoven fiberweb can serve as noise absorption elements in a wide range of applications including acoustic ceilings, noise reducing quilts and noise proof barriers [1, 2] . The dependence of the noise absorption coefficients (NAC) of such elements, in the audible frequency range, 125-4000 Hz., on the intrinsic characteristics of the nonwoven layer, is a key factor in their optimal design. Experimental data indicate that the fiber content, thickness and porosity of the nonwoven fiberweb, and the cover factor of the woven fabric seem to be the most significant factors in this respect [3, 4] .
In our earlier work [5] we found that the model of C. Zwikker and C.W. Kosten for the sound transfer through porous media [6] , turns out to be fairly compatible with experimental measurements of sound absorption of nonwovens. Encouraged by this result we further pursued this work and we were able to pinpoint the thickness of one nonwoven layer made of cotton, polyester and acrylan, yielding the highest noise absorption coefficients for the octave band frequencies 250, 500, 1000, 2000, and 4000 Hz [7] . In order to design noise absorbers including several layers, with different properties, we suggested a theoretical generalization of the Zwikker and Kosten model [8] , which enable us to calculate NAC of nonwoven layer with variable porosity. Such a layer can be approximately thought of as a combination of several thin layers, each of which having a constant porosity. Therefore, it seems to us that our generalized theory can be used as a tool for assessing the noise absorption capacity of multilayer nonwoven structure.
The objective of this work is to identify a functional relationship for the variation in porosity through the thickness of a sound absorbing medium that gives a high NAC. To do this we considered four functional forms for the porosity variation: linear, quadratic, exponential and logarithmic. A numerical simulation, based on our generalized theory, was performed for several combinations of fiber content and media thickness. Our results clearly indicate that the functional forms of the poprosity variation is of prime importance for ORIGINAL PAPER/PEER-REVIEWED the optimal design of multilayer combination as noise control elements.
Numerical Procedure
We have examined several fiberwebs of variable porosity made of acrylic, cotton, and polyester fibers. The characteristics of these webs are given in Table 1 . In all the simulation we have taken f=1000 Hz.
The following four different functional forms of the porosity were considered:
1. Linear:
2. Quadratic:
4. Logarithmic:
Each of these forms depends on two parameters P 1 and P 2 satisfying 0 < P 1, P 2 <1; l represents the thickness of the web. These functions can be increasing or decreasing with respect to x, depending on the choice of the parameters P 1 and P 2 .
The aim of the calculation was to pinpoint the optimal parameters P 1 and P 2 yielding the highest NAC, a, given by:
where W 0 = r 0 c 0 is the wave impedance of free air (c 0 is the speed of sound in free air and r 0 is the density of free air) and Z 0 (R) and Z 0 (I) are, respectively, the real and imaginary parts of the acoustic impedance of the web, thoroughly discussed and calculated in our earlier work [8] .
In order to pinpoint the optimal parameters, P 1 and P 2 , for each web and porosity function, we pursued the "zooming" approach. We began the procedure by dividing the interval [0,1] of each parameter P 1 and P 2 into 20 equal parts, and thus we got a grid 20X20. We have located several squares of this grid in which a, was maximal. In the next stage we further divided the chosen squares obtained in the first stage into 20X20 parts and we continued this procedure until we have been able to pinpoint the optimal parameters P 1 and P 2 . Figures 1 to 3 display the NAC at 1000 Hz. for acrylic, cotton and polyester, respectively. Each figure includes four graphs (a) to (d) corresponding, respectively, to the linear, quadratic, exponential and logarithmic v f (x) forms. In these graphs the intervals of the parameters were obtained in accordance with the described procedure.
Results and Discussion
For example, in graph 3(a) (Polyester, v f (x) linear) the interval of the parameters P 1 and P 2 obtained was 0.04 < P 1 <0.052 and 0.5 < P 2 < 0.7.
In each of Figures 1 to 3 we could find optimal values of the parameters P 1 and P 2 yielding maximal a. Using these parameters we sketched the v f (x) graph for each case. It is interesting to note that in all v f (x) forms, except the quadratic one, and for all the fiber contents, v f (x) is an increasing function of x. Namely, in order to increase the NAC a. one has to design the web such that porosity will increase along the propagation of the sound wave. For the optimal quadratic v f (x), we get a minimum point for acrylan and cotton, namely, the optimal design in this choice will be high porosity in the front and rear of the web and low porosity in its middle. For polyester, the optimal quadratic form has a maximum, so that for this fiber content one should maximize the porosity in the middle of the web. Table 2 stipulates the best functional form (out of the four functional forms considered) for each fiber content. It indicates that the logarithmic function is the optimal one for the three materials considered, yielding, approximately total sound absorption, a. = 1.
One has to bear in mind that these results can change with frequency f and the thickness of the fiberweb, l. However, the calculations clearly indicate that the func- Table 2 OPTIMAL POROSITY VARIATION, n f (X) tional variation of porosity of the fiberweb, v f (x), along the sound wave propagation, x, plays a dominant role in the design of the web as noise absorption element.
